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Optimization of ergosterol extraction from
Pleurotus mushrooms using response surface
methodology
Oludemi Taofiq, a Ana Rita Silva,a,b Cristina Costa, c Inês Ferreira,c João Nunes,c
Miguel A. Prieto,d Jesús Simal-Gandara, d Lillian Barros *a and
Isabel C. F. R. Ferreira *a
In this study, heat-assisted extraction (HAE) was used to maximize ergosterol extraction from Pleurotus
ostreatus (PO) and Pleurotus eryngii (PE) using response surface methodology (RSM). Different tempera-
ture (T ) and time (t ) conditions were applied to understand their influence on the extraction yield (Y1),
ergosterol purity in the extracted material (mg g−1 R, Y2) and ergosterol content in the two Pleurotus
species (mg per 100 g dw, Y3). A circumscribed central composite design was used to evaluate the inter-
active effects of extraction variables and the optimal conditions were determined using second-order
polynomial mathematical models to describe the responses obtained. In all cases, the predicted
responses showed satisfactory fitting between the predicted and experimental values (R2 values >0.8).
The global optimum conditions predicted by the models were for PO at T = 54.3 °C and t = 150 min
(yielded 7.25%, 33.32 mg E per g R and 244.25 mg E per 100 g dw), while for PE at T = 61.8 °C and t =
150 min (yielded 8.02%, 43.63 mg E per g R and 360.58 mg E per 100 g dw). The obtained results from
the two Pleurotus mushroom species using HAE show the possibilities of using them as a production
source of enriched extracts in ergosterol.
1. Introduction
Mushrooms are known for their nutritional properties and are
mostly consumed as a delicacy due to their fruity and curry
aroma range. Besides their gastronomic appeal, they are also
an important source of several bioactive compounds with an
enormous variety of chemical structures.1,2 These bioactive
compounds are responsible for different therapeutic pro-
perties, namely antitumor, anti-inflammatory, anti-diabetic,
antiallergic, immunomodulating, cardiovascular protective,
anticholesterolemic, hepatoprotective, antimicrobial and anti-
oxidant properties associated with mushrooms.3–6 Because of
their beneficial effects on human health, they have become
increasingly attractive as functional foods and this has trans-
lated in the increase in commercial cultivation of several
edible mushrooms. Numerous bioactive compounds, namely
polysaccharides, peptides, glycoproteins, phenolics, sterols,
lipids and hydrolytic and oxidative enzymes, have been
extracted from crude extracts, mycelia, and basidiocarps of
several mushroom species.7,8
The market for novel functional foods in the last decade
has focused on bioactive metabolites (polyphenols, β-glucans,
and fungal sterols) obtained from edible mushrooms display-
ing cholesterol lowering capacity.9,10 The mechanisms behind
the cholesterol lowering capacity are not entirely clear but
likely include multiple pathways that might disrupt cholesterol
absorption.11 Ergosterol being structurally similar to chole-
sterol mainly displays hypocholesterolemic activity by impair-
ing with cholesterol absorption, thereby displacing it from
dietary mixed micelles (DMMs) formed during digestion.12
Some other steroidal compounds, mainly of plant origin (sitos-
terol, campesterol, and stigmasterol), also show cholesterol
lowering capacity by inhibiting ACAT (acyl-CoA:cholesterol acyl-
transferase), a key enzyme involved in cellular cholesterol
metabolism.11,12 An ergosterol derivative (Agarol) obtained
from Agaricus blazei Murrill was reported to induce caspase-
independent apoptosis in human cancer cells, making it a
promising ingredient for developing anticancer formu-
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lations.13 Several other therapeutic advancements,
α-glucosidase inhibitory capacity,14 leishmanicidal activity,15
and in vivo and in vitro anti-inflammatory activity,16 have been
associated with ergosterol rich extracts and as such, more
studies are now focused on the enhanced recovery of ergosterol
from mushrooms for functional food development.17–19
Among several extraction techniques used to obtain ergos-
terol from mushrooms, the conventional extraction methods
(maceration and heat-assisted extraction (HAE)) in their sim-
plest form involve mixing mushrooms and the solvent of
choice, allowing for interaction and subsequent release of bio-
active compounds at certain time and a specific temperature.20
Independent of the employed extraction systems, extraction of
target compounds is influenced by several variables that need
to be analyzed jointly. Response surface methodology (RSM) is
an effective tool for optimizing extraction processes, offering
advantages of a reduced number of experimental trials and the
ability to analyze multiple interactive effects among
variables.21,22 Hence, the present study aimed at optimizing
the HAE process to extract ergosterol from Pleurotus eryngii
(DC.) Quél., and Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm. The
combined effects of temperature (T, °C) and time (t, min) were
analyzed by RSM aiming to find the optimum conditions that
maximize ergosterol extraction.
2. Materials and methods
2.1. Mushroom samples
The fruiting bodies of P. eryngii (PE) and P. ostreatus (PO)
mushroom species used in the present work were produced by
solid state fermentation and cultivated by MicNatur (SME,
Spin off of BLC3 – Oliveira do Hospital), on a controlled closed
system. The samples were freeze-dried until constant weight
(Telstar LyoQuest 85) and milled to a fine powder (∼40 mesh),
and then mixed to form homogenate samples. The samples
were then packed under vacuum and stored in laminated
pouches.
2.2. Standards and reagents
HPLC grade methanol and acetonitrile were purchased from
Fisher Scientific (Lisbon, Portugal). Ergosterol standard was
purchased from Sigma (St Louis, MO, USA). Water was treated
in a Milli-Q water purification system (TGI Pure Water Systems,
Greenville, SC, USA). All other chemicals and solvents utilized
in the present work were of analytical grade and purchased
from common suppliers.
2.3. Ergosterol extraction and quantification
2.3.1. Heat-assisted extraction (HAE). Dry mushroom
powder was extracted in a thermostatic water bath under con-
tinuous electro-magnetic stirring maintaining the solid/liquid
ratio (S/L) at 30 g L−1. The extraction is carried out. Extraction
was conducted using different t and T as defined by the RSM
design: t (10 to 150 min) and T (30 to 90 °C). After extraction,
samples were filtered, the supernatant was carefully collected,
and the dry weight was obtained to deduce the extraction
yield.
2.3.2. Ergosterol characterization. Each dried mushroom
extract was re-dissolved in ethanol and filtered through a
0.22 µm nylon disposable filter. The ergosterol identification
and quantification were performed in an integrated HPLC-UV
system, composed of a pump (Knauer, Smartline system 1000,
Berlin, Germany), a degasser system (Smartline manager 5000),
an auto-sampler (AS-2057 Jasco, Easton, MD, USA), and a UV
detector (Knauer Smartline 2500), using a procedure similar to
that previously described by Barreira et al.23 The mobile phase
was acetonitrile/methanol (70 : 30, v/v) and detection was per-
formed at 280 nm. Ergosterol was quantified using a cali-
bration curve obtained from a commercial standard. Clarity 2.4
Software (DataApex) was employed for data analysis.
2.4. Response surface methodology
The RSM family designs are used for modeling and analysis of
problems in which a response of interest is influenced by
several variables. The RSM was used to optimize with the
purpose of finding favorable conditions.
2.4.1. Response format values to present the results. The
results were expressed in three response (Y) format values: Y1,
the % of extracted material (R); Y2, in mg of ergosterol
obtained in the extract residue (mg E per g R), which was
specifically used to evaluate the ergosterol purity in the
extracts; and Y3, in mg of ergosterol in 100 g of mushroom dry
weight material (mg E per 100 g M dw), which was specifically
used to analyze the ergosterol extraction yields.
2.4.2. Experimental design. Trials were conducted based
on one-at-a-time analysis of each of the variables for each of
the selected techniques. The variables that caused significant
changes and the relevant ranges of action were selected for
each one of the studied technique. The variables were coded
according to the needs of the experimental design. The com-
bined effect of these three variables was studied using a cir-
cumscribed central composite design (CCCD) using five levels
for each one with 16 response combinations (three replicates
per condition). Experimental runs were randomized, to mini-
mize the effects of unexpected variability in the observed
responses.
2.4.3. Mathematical model. Response surface models were
fitted by means of least-squares calculation using the following
second order polynomial equation:













where Y is the dependent variable (response variable) to be
modeled, Xi and Xj define the independent variables, b0 is the
constant coefficient, bi is the coefficient of the linear effect, bij
is the coefficient of the interactive effect, bii is the coefficient
of the quadratic effect and n is the number of variables.
2.4.4. Procedure to optimize the variables to a maximum
response. A simplex method was used to optimize the predic-
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tive model by solving nonlinear problems in order to maximize
the responses (Y1, Y2 and Y3) individually or globally.
24 Certain
limitations were imposed (i.e., t lower than 0) to avoid vari-
ables with unnatural and unrealistic physical conditions.
2.5. Numerical methods and statistical analysis
Fitting procedures, coefficient estimation and statistical cal-
culations were performed as previously described.24,25 In
brief, (a) the coefficient measurement was carried out using
the nonlinear least-squares (quasi-Newton) method provided
by the macro “Solver” in Microsoft Excel, which allows mini-
mizing the sum of the quadratic differences between the
observed and model-predicted values and (b) the coefficient
significance was evaluated using ‘SolverAid’ to determine the
parametric confidence intervals. The not statistically signifi-
cant terms (p-value >0.05) were dropped to simplify the
model and (c) the model reliability was verified using the fol-
lowing statistical assessment criteria: (i) the Fisher F-test (α =
0.05) was used to determine whether the constructed models
were adequate to describe the observed data; (ii) the
‘SolverStat’ macro was used for the assessment of parameter
and model prediction uncertainties; and (iii) R2 was inter-
preted as the proportion of variability, of the dependent vari-
able explained by the model.
3. Results and discussion
3.1. Preliminary experimental data for all response criteria
from CCCD
The HAE involves mixing mushroom samples and ethanol,
allowing interaction and subsequent release of bioactive com-
pounds at specific time and temperature. It is an easy tech-
nique to scale up industrially, without the need for huge
capital investment. Extraction of ergosterol has been achieved
through homogenization in an appropriate solvent or
through saponification of ergosterol esters using alcoholic
KOH.26 The latter process requires complex analytical con-
ditions and may not be suitable for routine analysis. Hence,
the employed HAE method proved to be a useful technique
for rapidly determining the sterol profile using chromato-
graphic methodologies and sample preparation protocols.
Ethanol was selected as the solvent of choice because of its
minimal environmental impact when compared to benzene,
cyclohexane, and dichloromethane. More importantly, pre-
vious studies using the Soxhlet extraction system have shown
that ethanol maximizes the extraction of ergosterol from
Agaricus bisporus (J.E.Lange) Imbach (676 ± 3 mg per 100 g
dw) when compared with limonene (261 ± 11 mg per 100 g
dw) and n-hexane (186.1 ± 0.3 mg per 100 g dw), while for
ultrasound assisted extraction, ethanol has also shown better
ergosterol yields (671 ± 5 mg per 100 g dw), when compared
with limonene (372 ± 0.1 mg per 100 g dw) and n-hexane
(152.2 ± 0.5 mg per 100 g dw).27
The circumscribed central composite design and the corres-
ponding values obtained for each response criterion for the 16
treatments under the various experimental HAE conditions are
shown in Table 1. The range of the experimental domains of
the independent variables was selected based on the literature
review and previous group experience attesting the efficiency
of this method for ergosterol extraction.20
As shown in Table 1, in terms of PE, the highest extraction
yield (PEY1) of 15.79% was obtained for experimental run
number 8, with operating conditions of 90 °C and 80 min. For
PEY2, the highest ergosterol yield in mg E per g R was observed
for experimental run number 9, when HAE was operating at
30 °C for 10 min, while for PEY3, the highest ergosterol yield in
mg E per 100 g M dw was observed for experimental run
Table 1 Experimental design and responses achieved. Variable values of the RSM experimental design applied in HAE are presented in coded and
natural values. Extraction time (X1: t ) and temperature (X2: T ), combined in an experimental design of 12 independent variable combinations and 4
replicates at the centre of the experimental domain (16 data points)
Experimental variables Pleurotus eryngii (PE) Pleurotus osteratus (PO)
X1 (t, min) X2 (T, °C) Y1 Y2 Y3 Y1 Y2 Y3
1 −1 (30.5) −1 (38.8) 5.85 42.03 245.73 5.15 48.13 247.73
2 −1 (30.5) 1 (81.2) 11.30 32.58 368.08 10.03 26.08 261.61
3 1 (129.5) −1 (38.8) 6.13 57.63 353.22 5.67 12.55 71.21
4 1 (129.5) 1 (81.2) 13.02 25.60 333.27 7.79 29.43 229.24
5 −1.41 (10) 0 (60) 8.11 39.88 323.36 5.35 41.43 221.58
6 1.41 (150) 0 (60) 8.30 39.48 327.77 7.27 37.28 271.09
7 0 (80) −1.41 (30) 5.28 54.58 288.13 4.45 54.13 241.05
8 0 (80) 1.41 (90) 15.79 16.75 264.52 3.34 29.33 98.08
9 −1.41 (10) −1.41 (30) 3.91 59.38 232.17 3.95 59.13 233.75
10 −1.41 (10) 1.41 (90) 8.45 37.30 315.14 9.65 30.45 293.91
11 1.41 (150) −1.41 (30) 5.56 57.53 319.79 5.35 45.98 246.11
12 1.41 (150) 1.41 (90) 10.46 35.55 372.01 5.02 30.73 154.39
13 0 (80) 0 (60) 8.77 38.83 340.45 6.85 39.40 270.06
14 0 (80) 0 (60) 7.16 44.18 316.26 6.69 39.23 262.37
15 0 (80) 0 (60) 9.65 38.98 376.15 7.04 35.63 250.91
16 0 (80) 0 (60) 9.14 37.33 341.06 6.97 35.98 250.57
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number 12, with an extraction temperature of 90 °C and an
extraction time of 150 min. Regarding PO, the highest extrac-
tion yield (POY1) of 10.03% was obtained for experimental
run number 2, with an extraction temperature of 81.2 °C and
an extraction time of 30.5 min. For POY2, the highest ergos-
terol yield in mg E per g R was observed for experimental run
number 9, with HAE operating at 30 °C and 10 min, while for
POY3, the ergosterol yield in mg E per 100 g M dw was
observed for experimental run number 10 with HAE operat-
ing at 90 °C and 10 min. Also, PEY2 presented the lowest
response when HAE was operated at 90 °C and 80 min, while
POY2 and
POY3 presented the lowest response when HAE was
operated at 129.5 min and 38.8 °C, which showed that the
influence of temperature was more significant in PEY2.
Comparatively, higher temperature is seen to favor higher
extraction yield (Y1) in both mushroom samples and the
lowest extraction yield in both cases was also observed in
experimental runs with lower temperatures, while for Y2 (mg
E per g R), which is a measure of ergosterol purity in the
extracts, lower temperature was found to present the highest
yield. The results of this chromatographic quantification
were used as response criteria to optimize the HAE con-
ditions by RSM.
3.2. Development of the theoretical response surface models
As it is not advisable to extrapolate the individual or global
optimum conditions that maximize extraction of bioactive
compounds from the experimental responses, the second-
order polynomial equation will be utilized to make predic-
tions unreliable. After fitting eqn (1) to the three possible
responses (Y1, Y2 and Y3), the estimated parametric values,
parametric intervals and numerical statistical criteria were
obtained and are presented in Table 2. Those coefficients,
which showed effects higher than the parameter value, were
considered as non-significant (ns) and were not considered
for the model development. The responses shown in Table 2
were correlated with the two independent variables using the
polynomial equation. Consequently, non-linear equations
were built based on the second-order polynomial model of
eqn (1) and the best fit models in the coded factors are as
follows:
For P. ostreatus
POY1 ¼ 6:73 0:41tþ 0:81T þ 0:55t 2  0:95T 2  0:74tT ð2Þ
POY2 ¼ 37:42 3:23t 6:40T þ 3:29tT ð3Þ
POY3 ¼ 240:58 23:72t 4:68T þ 17:57t 2  30:58T 2  7:98tT
ð4Þ
For P. eryngii
PEY1 ¼ 9:25þ 0:53tþ 2:54T  1:10t 2 þ 0:33T 2 ð5Þ
PEY2 ¼ 37:79 9:83T þ 3:41t 2  1:12tT ð6Þ
PEY3 ¼ 336:23þ 17:19tþ 16:26T  17:71T 2  10:19tT ð7Þ
Fitting the models to the selected responses is crucial to
elucidate how precisely the RSM mathematical model can
predict ideal variances. These equations translate the patterns
for each assessed mushroom extract and the corresponding
responses: eqn (2)–(4) for P. ostreatus and eqn (5)–(7) for
P. eryngii. Note that not all the parameters of eqn (1) were used
for building the model since some coefficients were rejected
(Table 2). Although parametric values obtained for each
response showing the linear, interactive and quadratic effects
are empirical, they can be utilized to predict the results of
untested extraction conditions. The sign of the effect marks
the response performance, and as such, when a factor has a
positive effect, the response is higher at a high level. Similarly,
when a factor has a negative effect, the response is lower at a
high level, meaning the higher the absolute value of a coeffi-
cient, the more vital the weight of the corresponding variable.
The developed response models also showed similar trends for
both mushrooms, with both presenting a combination of
linear, interactive and quadratic coefficients for all three
responses.
Regarding the interactive effects for the HAE system in
terms of POY1, a negative interaction was observed between t
and T, while for the linear effect, the effect was positive for T
Table 2 Parametric results of the second-order polynomial equation of eqn (1) for the analysis of the response value formats (Y1, yield in %; Y2, mg
E per g R; and Y3 mg E per 100 g M dw) of Pleurotus eryngii and Pleurotus ostreatus mushroom species. Analysis of significance of the parameters (α
= 0.05) is presented in coded values. Additionally, the statistical information of the fitting procedure to the model is presented
b0 b1 (t ) b2 (T ) b11 (t
2) b22 (T
2) b12 (tT ) R
2
Y1
PE 9.25±0.61 0.53±0.36 2.54±0.35 −1.10±0.45 0.33±0.30 ns 0.8308
PO 6.73±0.57 −0.41±0.34 0.81±0.33 0.55±0.43 −0.95±0.42 −0.74±0.30 0.8155
Y2
PE 37.79±2.01 ns −9.83±1.32 3.41±1.56 ns −1.12±0.58 0.8308
PO 37.42±2.14 −3.23±2.18 −6.40±2.14 ns ns 3.29±1.91 0.8315
Y3
PE 336.23±12.55 17.19±8.35 16.26±8.16 ns −17.71±9.46 −10.19±7.30 0.8470
PO 240.58±25.68 −23.72±5.45 −4.68±1.46 17.57±4.22 −30.58±9.88 −7.98±4.39 0.9017
ns: non-significant coefficient; R2: correlation coefficient.
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and negative for t. This suggests that temperature improved
the extraction yield of P. ostreatus. In the case of PEY1, the
linear effect of both T and t had positive values, which indicate
that the extraction yield increases with higher extraction time
and higher temperature, while the interactive effect of t and T
was found to be non-significant. Regarding POY2, it is possible
to observe a positive interactive effect between both variables,
while the linear effect is negative for both t and T. This indi-
cates that higher t and T might be beneficial to improve exuda-
tion of active biomolecules from the ruptured cell walls, but
prolonged exposure (longer extraction time and higher temp-
erature) may cause increased extraction of compounds that are
not of interest and subsequent deterioration of ergosterol
purity in the extract. In terms of PEY2, the interactive term of t
and T was insignificant, while a positive linear effect was
found for both t and T. In terms of POY3, extraction time and
temperature had both significant positive and negative quadra-
tic effects, respectively, while the linear effect of t and T was
significant and negative in both cases. In summary, for POY3,
almost all significant terms (linear, quadratic and interactive
effects) showed negative effects. Conversely, with respect to
PEY3, the patterns show that the variable t and T ratio changes
the response to a larger extent than the interactive effect
between both independent variables. These patterns are oppo-
site to the ones found in PEY3.
In terms of the statistical analysis of the fitting of the
models to the responses, the quadratic regression model for
both mushroom samples resulted in determination of the R2
coefficient. This parameter measures how well the suggested
model fit the experimental data, and the closer the value of R2
is to 1, the better is the correlation between the measured and
the predicted values. As shown in Table 2, R2 values for all
three responses in both PO and PE showed values greater than
0.8, which implies that the corresponding model term is
highly significant, and more than 80% variability was success-
fully explained by the proposed model. The obtained results
indicate that the developed mathematical model has the
potential to describe ergosterol obtainment using heat assisted
extraction very robustly.
The profile patterns derived from the parametric values of
these mathematical models on the assessed response criteria
can also be depicted by graphical representation. These
figures presented in the form of response surface plots and
contour plots were obtained based on the model equation.
They show the interaction among variables and determine
the optimal level of each factor for maximum ergosterol yield
in both mushrooms. Fig. 1A and B show the graphical profile
patterns derived from the parametric values of these math-
ematical models in terms of response value Y1 (%) and Y2
(mg E per g R) for P. ostreatus and P. eryngii. In subsection A,
points (●) represent the obtained experimental results
(Table 1) and the net surface represents the theoretical 3D
response surface predicted with the second order polynomial
eqn (1) as a function of each of the variables involved. Two-
dimensional contour plots representing the fitting results of
eqn (1) are shown in subsection B. The statistical description
is illustrated in subsection C and in this case, two basic
graphical criteria are used: a plot showing the ability to simu-
late the changes of the response (i.e. predicted values versus
the observed experimental values) and the residual distri-
bution (i.e. difference between the experimental and the pre-
dicted value) as a function of each of the considered vari-
ables. In subsection D, the dots (⊙) presented alongside each
line highlight the location of the optimum value. The binary
actions between variables are presented when the excluded
variable is positioned at the optimum of the experimental
domain.
The properly optimized responses for both PE and PO (Y1,
Y2, Y3) display patterns in which the quantity of extractable
biomolecules increases to an optimum value and then
decreases as a function of each of the assessed independent
variables. For PE, the interactive effect of temperature and
time was not significant for all three responses, but both
factors demonstrated quadratic effects on the response PEY2.
This shows that the extraction time caused a linear increase
in the response PEY2 at low levels of temperature. In addition,
PEY1 and
PEY3 showed similar trends, with temperature dis-
playing a quadratic effect in both responses. Therefore, in
almost all combinations, the optimum can be found at one
single point along with the response, allowing for determi-
nation of the optimum conditions that lead to the absolute
maximum. Visual analysis of contour plots (Fig. 1A and B,
subsection B) was consistent with the experimental values of
PEY2 and
POY2, obtained under different HAE conditions pre-
sented in Table 1. It was noticeable that the temperature
dominantly influences the responses compared to the extrac-
tion time.
Also, the adequacy of the developed mathematical model to
represent the HAE process for both PE and PO was evaluated
by constructing a diagnostic residual plot representing the
difference between predicted and experimental values. The
residual plots are anticipated to follow a normal distribution if
the experimental errors were arbitrary. From the graphical rep-
resentations (Fig. 1A and B, subsection C) which show the data
points, it can be seen that they lie very close to the diagonal
line and as such, depict a good relationship between experi-
mental values and those predicted by the proposed model.
From these results, it is concluded that the developed math-
ematical model can describe the HAE process for obtaining an
ergosterol rich extract very robustly and can be utilized for
future scale-up.
A general summary of the patterns of ergosterol extraction
efficiency for the three response formats is also shown in
Fig. 2. Regarding the particular case of PO, the intense influ-
ence of temperature observed in POY3 dictates its action: when
raising the temperature until 60 °C the ergosterol content also
increases (above 250 mg per 100 g dw), followed afterward by a
decrease in this content. In the case of PEY2, the short extrac-
tion time coupled with low temperature needed to maximize
the response is very suitable for industrial applications, con-
sidering that minimal cost will be needed in terms of energy
consumption. Besides being an enhanced optimum in terms
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of yield, the optimum for PEY2 and
POY2 is also economical
optimum. The arrows displayed in Fig. 2 show that to obtain a
PEY3 optimal response, high to moderate temperatures
(∼60 °C) and high extraction time presented the optimal solu-
tion. These results, together with the linear parametric values
of the second-order polynomial equation for time and temp-
erature, show the negative impact of time and minor influence
of high temperature on PEY3 response.
Fig. 1 (A and B) Graphical profile patterns derived from the parametric values of these mathematical models in terms of response value Y1 (%) and
Y2 (mg E per g R). Subsection A: Points (●) represent the obtained experimental results (Table 1) and the net surface represents the theoretical 3D
response surface predicted with the second order polynomial eqn (1) as a function of each of the variables involved. Estimated parametric values of
are shown in Table 2. Subsection B: Two-dimensional representation of the fitting results of eqn (1). The binary actions between variables are pre-
sented when the excluded variable is positioned at the optimum of the experimental domain (Table 3). Subsection C: To illustrate the statistical
description, two basic graphical criteria are used: the ability to simulate the changes of the response and the residual distribution as a function of
each of the variables. Subsection D: The dots (⊙) presented alongside each line highlight the location of the optimum value.
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3.3. The optimum conditions of HAE process experimental
verification of predictive models
By applying a simplex method to solve nonlinear problems,
the optimum individual conditions maximizing the recovery of
ergosterol were determined for the three possible response
format values. In addition, the global optimum conditions can
also be determined. Both individual and global optimal con-
ditions are presented in Table 3. Comparing both mushrooms,
and regarding the individual optimum conditions predicted by
the model:
- For the extraction yield, PEY1 response was the best solu-
tion (13.56%), at 91.9 min and 90 °C.
- For ergosterol purity in the extract, PEY2 response was the
best solution (60.75 mg E per g R) at 150 min and 30 °C.
- For the response value PEY3, 360.60 mg E per 100 g dw was
achieved at 150 min and 61.1 °C.
- For the extraction yield, in the case of POY1, the best solu-
tion was obtained (9.32%) at 10 min and 80.9 °C.
- For the ergosterol purity in the extract, POY2, 57.61 mg
Eper g−1 R, was achieved when HAE was operating at 10 min
and 30 °C.
- For the response value POY3, 246.31 mg E per 100 g dw was
achieved at 150 min and 61 °C.
Regarding the global optimum conditions predicted by the
model: for PO, 54.3 °C and 150 min yielded 7.25%, 33.32 mg E
per g R and 244.25 mg E per 100 g dw for the responses Y1, Y2
and Y3, respectively, while for PE, 61.8 °C and 150 min yielded
8.02%, 43.63 mg E per g R and 360.58 mg E per 100 g dw for
the responses Y1, Y2, and Y3, respectively. The main advantages
of innovative techniques such as UAE and MAE procedures are
lower extraction time and a relatively higher yield. In terms of
POY2 which was performed in only 10 min and at 30 °C (con-
suming less energy and time) high ergosterol purity in the
extract was achieved, which is aligned with the requirements
of a green technology. Hence some of the optimal conditions
that favor enhanced ergosterol yield can be considered as an
important tool to increase efficiency with minimal energy and
cost function. With new changes occurring worldwide to
ensure sustainable development, most biobased processes are
suffering significant transformation to achieve better extrac-
tion process efficiencies and reduce its environmental
impact.28–30 Further studies will be conducted to examine the
Fig. 2 Graphical summary of the RSM results for the optimization of the two main variables involved (X1 and X2) in the extraction of ergosterol from
Pleurotus eryngii and Pleurotus ostreatus mushroom species for the three response value formats assessed (Y1, yield in %; Y2, mg E per g R; and Y3
mg E per 100 g M dw).
Table 3 Variable conditions in natural values that lead to optimal
response values for RSM for the three individual response value formats





Optimum responseX1: t (min) X2: T (°C)
(A) Individual optimum conditions
PE Y1 91.9 90.0 13.56%
Y2 150.0 30.0 60.75 mg E per g R
Y3 150.0 61.1 360.60 mg E per 100 g M dw
PO Y1 10.0 80.9 9.32%
Y2 10.0 30.0 57.61 mg E per g R
Y3 150.0 61.0 246.31 mg E per 100 g M dw
(B) Global optimal conditions
PE Y1 150 61.8 8.02%
Y2 43.63 mg E per g R
Y3 360.58 mg E per 100 g M dw
PO Y1 150 54.3 7.25%
Y2 33.32 mg E per g R
Y3 244.25 mg E per 100 g M dw
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effect of the solid–liquid (S/L) ratio and in order to investigate
this effect, experiments will be performed under the optimum
conditions predicted by the model using several S/L variations.
Small values of the S/L ratio often lead to a more effective dis-
solution, causing an extraction yield enhancement, but also a
waste of solvent.31 Hence, S/L ratios between 10 and 120 g L−1
will be selected as the suitable range to be further studied
using RSM analysis.
3.4. Comparison of HAE and other extraction methods
The qualitative and quantitative studies of bioactive com-
pound extraction from natural matrices mostly rely on the
selection of appropriate extraction methods, the range of the
experimental conditions and the understanding of the
dynamic chemical nature of various bioactive molecules
present in these natural matrices.32 Extraction using non-
conventional methods (UAE, MAE, SFE) is more environmen-
tally friendly due to the decreased use of synthetic and
organic chemicals, reduced extraction time, and higher
extraction yield. At the same time, conventional extraction
methods, such as Soxhlet and HAE, are still considered refer-
ence methods to compare the success of the newly developed
methodologies. Ergosterol has been extracted successfully
from different mushroom extracts18,27,31,33 and some pre-
vious reports dealing with the optimization of ergosterol
extraction from different mushrooms are presented in
Table 4. Each mushroom material has compositional diver-
sity and as such, the tested conditions for ergosterol extrac-
tion cannot be directly extrapolated for each other. Analyzing
the findings in Table 4, A. bisporus and other edible or med-
icinal mushrooms belonging to the Agaricus genus are seen
to be the most widely reported sources of ergosterol. Most of
the methods reported in Table 4 were carried using one vari-
able at a time, which in most cases does not guarantee
enhanced extraction. Hence, carrying out RSM using a series
of experimental domains, and a possible combination of
independent variables, presents advantages. To the best of
our knowledge, very few studies are available on ergosterol
recovery from P. eryngii with Souilem et al. (2017) reporting a
low yield from its fruiting body (4.1 ± 0.3 mg g−1) and
mycelium (0.6 ± 0.1 mg g−1). In contrast, 78.20 ± 0.54 mg g−1
was recovered from P. ostreatus Soxhlet ethanolic extract.
Comparing ergosterol yield from Pleurotus and Agaricus
genus using non-saponification extraction methodologies,




Extraction conditions Ergosterol content Ref.Species Part used
M P. eryngii Mycelia The sample (2 g) was extracted with methanol (30 mL)
at 25 °C, 150 rpm, for 1 h
0.6 ± 0.1 mg g−1 34
P. eryngii Fruiting bodies The sample (2 g) was extracted with methanol (30 mL)
at 25 °C, 150 rpm, for 1 h
4.1 ± 0.3 mg g−1
P. ostreatus Mycelia The sample (2 g) was extracted with methanol (30 mL)
at 25 °C, 150 rpm, for 1 h
9.08 ± 0.03 mg g−1 35
P. ostreatus Fruiting bodies The sample (2 g) was extracted with methanol (30 mL)
at 25 °C, 150 rpm, for 1 h
9.7 ± 0.2 mg g−1
MAE A. blazei Fruiting bodies (used
basidiocarps)
The sample (300 mg) was extracted with 10 mL of
ethanol maintaining the S/L at 30 g L−1 at 25 min,
140.7 °C and the power variable was set at 400 W
25.50 ± 3.5 mg per 100 g
dw
20
A. bisporus Discarded by-
products (fruiting
bodies)
The optimal extraction conditions were determined
and comprise: 19.4 ± 2.9 min, 132.8 ± 12.4 °C, 1.6 ±
0.5 g L−1 and the power variable was set at 400 W
556.1 ± 26.2 mg per
100 g
31
UAE P. ostreatus Fruiting bodies The sample (0.10 g) was extracted with a chloroform/
methanol mixture (2 : 1, v/v) by stirring in an
ultrasonic bath at 4 °C for 1 h
3.31 ± 0.15 mg g−1 36
A. bisporus Fruiting bodies The sample (3 g) was extracted with 100 ml of each
solvent (n-hexanea, ethanolb, and limonenec) for 4 min
and 375 W
152.2 ± 0.5a, 671 ± 0.5b
and 372 ± 0.1c mg per
100 g dw
27
A. blazei Fruiting bodies (used
basidiocarps)
The sample (3 g) was extracted with 100 mL of ethanol
maintaining the S/L at 30 g L−1 at 30 min and 400 W
21.49 ± 1.9 mg per 100 g
dw
20
SE P. ostreatus Fruiting bodies The sample (3 g) was mixed with 150 mL of ethanol
and extracted in a Soxhlet apparatus for 4 h (12 cycles)
78.20 ± 0.54 mg g−1 33
A. bisporus Fruiting bodies The sample (4.5 g) was extracted with 150 ml of each
solvent (n-hexanea, ethanolb, and limonenec) for 4 h
186.1 ± 0.3a, 676 ± 3b






Fruiting bodies The sample (253 g) was extracted for 3 h with ethanol,
at 33.8–70 °C and 58.2–401.8 bar
179.89 ± 11.72 mg g−1 37
HAE A. blazei Fruiting bodies (used
basidiocarps)
The sample (600 mg) was extracted with 20 mL of
ethanol maintaining the S/L at 30 g L−1 for 150 min
and 90 °C
19.43 ± 3.1 mg per 100 g
dw
20
HAE: heat assisted extraction; M: maceration; MAE: microwave assisted extraction; UAE: ultrasound assisted extraction; SE: Soxhlet extraction;
SFE: supercritical fluid extraction.
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the highest yield reported so far is for the UAE and MAE
systems both for A. bisporus.27,31 Considering that both MAE
and UAE above were conducted in lab-based extractors, huge
capital investments will be needed to further develop them
into industrial extractors with high loading capacity. Hence,
the HAE system employed in the present work can be an
attractive option towards enhancing ergosterol yield from
Pleurotus mushrooms considering minimal costs for oper-
ational setup.
4. Conclusions
Response surface methodology (RSM) was utilized to deter-
mine the influence of extraction parameters as well as predict
optimum conditions that maximize the recovery of ergosterol
from P. eryngii and P. ostreatus mushrooms. Mathematical
modelling of the extraction process was carried out by circum-
scribed central composite design (CCCD) and based on pre-
liminary experiments, temperature (30–90 °C) and time
(10–150 min) were selected as two independent variables.
Predicting abilities of mathematical models were investigated
by 3D and 2D response surface plots and optimal extraction
conditions were determined as follows: PO, 54.3 °C and
150 min yielded 7.25%, 33.32 mg E per g R and 244.25 mg E
per 100 g dw for the responses Y1, Y2, and Y3 respectively,
while for PE, 61.8 °C and 150 min yielded 8.02%, 43.63 mg E
per g R and 360.58 mg E per 100 g dw for the responses Y1, Y2,
and Y3 respectively. This research offers evidence that HAE is
still an effective technique for the extraction of ergosterol from
mushrooms using moderate to high temperatures and
different time intervals. Considering the surplus amount of
fruiting bodies that are discarded in the mushroom pro-
duction/processing chain, these results presented herein can
be an initial stage towards their valorization at the industrial
level.
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